Size relationships between fish and organisms from adjacent trophic levels are crucial for predicting the structure and dynamics of aquatic ecosystems. We compared macroinvertebrate communities along a fish-size gradient created by separate stocking of three age cohorts of common carp Cyprinus carpio in semi-natural ponds. The specific size range of fish (small, medium and large) 
INTRODUCTION
Fish often play a key role in shaping aquatic communities. Besides pronounced trophic effects, some fish, especially benthivores, may alter entire food webs by modifying environmental conditions, e.g., through elevation of water turbidity and nutrient loads (Richardson et al., 1990; Bremigan et al., 1997; Scheffer, 1989) . A number of studies have explored the influence of fish on aquatic macroinvertebrates, using comparisons of assemblages or densities of selected taxa under conditions of the presence or absence of fish, or relating them to fish densities. It has been widely documented that macroinvertebrate abundance is higher in fish absence (Morin, 1984; Bendell and McNicol, 1995; Fairchild et al., 2000; Zimmer et al., 2000 ; but see Batzer et al., 2000; Johansson and Brodin, 2003) and typically inversely related to fish densities (Svensson et al., 1999; Dorn, 2008; Martínez-Sanz et al., 2012 ; but see Paukert and Willis, 2003; Michaletz et al., 2005) . However, most of the research on fish-macroinvertebrate interactions has not taken into account the effects of fish body size. Fish populations often show distinct size structure because of interactions between and within species or periods of size-selective survival and poor recruitment typical of waters impacted by environmental perturbations (Penttinen and Holopainen, 1992; Lake, 2003; Dorn, 2008; Bajer and Sorensen, 2010) . Fish body growth through ontogeny is accompanied by shifts to new niches, as the feeding mode and food-size limitations change (Mark et al., 1987; Penttinen and Holopainen, 1992; Gustafsson et al., 2010) . Consequently, the size structure of fish populations, combined with the numerical dominance of individual species, can be crucial in determining the character and strength of fish-invertebrate interactions. Given the wide range of trophic positions occupied by aquatic macroinvertebrates, alterations in their community dynamics may in turn be transmitted to multiple trophic levels (Bendell and McNicol, 1995; Parkos et al., 2003) .
Here, we investigated responses of macroinvertebrate communities to fish of different size in ponds stocked with common carp Cyprinus carpio Linnaeus, 1758. Carp, a popular food and sport fish globally introduced into natural and artificial freshwater habitats, has been linked to dramatic declines in native biodiversity (Tapia and Zambrano, 2003; Matsuzaki et al., 2009; Bajer and Sorensen, 2010) . The detrimental influence is generally thought to be mediated by increased turbidity levels due to excretion and bioturbation resulting from specific feeding behav-N o n -c o m m e r c i a l u s e o n l y iour, i.e. suction of benthic material and ejection of unused particles back into the water column (Sibbing, 1988) , but carp's trophic impact can be considerable as well (Britton et al., 2007; Kloskowski, 2011c) . Carp can attain a substantial body size and undergo extensive ontogenetic shifts in resource use (Crivelli, 1981; Garcia-Berthou, 2001 ), feeding chiefly on zooplankton at the early developmental stages, but later exploiting a wide spectrum of food with an increasing share of benthic and epibenthic macroinvertebrates (Adámek et al., 2003; Britton et al., 2007; Kloskowski, 2011b) . As carp increase in size they are capable both of taking larger food items and of foraging deeper in the sediment (Sibbing, 1988; Hasan and MacIntosh, 1992; García-Berthou, 2001) , and thus exert broader environmental influence (Driver et al., 2005; Kloskowski, 2011b) . We investigated differences in assemblage composition and abundance of aquatic macroinvertebrates along a fish-size gradient in semi-natural ponds, where age-cohorts of carp differing clearly in body-size ranges were separately stocked. Our 'natural experiment' approach mimicked whole-system experiment design; while retaining the complexity of pond communities, it aimed to separate the effects of fish of different size ranges. We predicted that the adverse effect of fish would increase along the size gradient. We also examined what other pond habitat features contributed to variation in macroinvertebrate diversity and taxonomic composition.
METHODS
The research was carried out on semi-extensively managed ponds used for fish culture in the Lublin region (51°17-33' N, 22°15-26' E), south-eastern Poland (Fig. 1) , in [2005] [2006] [2007] , as part of a larger study on the role of size structure of fish populations in pond ecosystems (Kloskowski, 2010; Nieoczym and Kloskowski, 2014) . Since carp and aquatic macroinvertebrates strongly interact with diverse taxa, including amphibians and waterbirds, the research covered the period from late April to mid-July, which is critical for the overall biodiversity of pond habitats. A fish-size gradient was created by stocking three carp year cohorts, each with a distinct size range, in separate ponds. Data on total weights and numbers of fish stocked in each pond were provided by the local fisheries. Fish lengths were back-calculated using length-weight regressions established from samples collected in the study area. The ponds were stocked with either young-of-the-year (YOY, small-sized), one-year-old (medium-sized) or twoyear-old (large-sized) carp. As the cohort age corresponded to a specific size range, fish age is here considered equivalent to body size. Fish size ranges (total length) were 3-4 mm (1.5-3.0 mg), 110-160 mm (ca. 30-60 g) and 190-240 mm (ca. 140-300 g). As carp fry are sensitive to cold spells, YOY carp were not introduced into the ponds until ca. mid-May; older fish were stocked in late March and in April. Since individual weight at stocking was very small, standing biomass of YOY carp was practically negligible during the early study period, but by mid-July it had attained ca. 50 kg/ha (individual weight 6-20 g, equivalent to ca. 6-9 cm total length). Medium-sized fish were stocked at biomass densities of 98-390 kg/ha and largesized carp at biomass densities of 149-308 kg/ha. Fish were supplied with milled cereal grains (YOY carp from July and older carp from May).
Altogether 35 ponds, clustered in four groups up to ca. 30 km from each other, were sampled, 12 ponds per year in 2005 and 2007 and 11 ponds in 2006. The ponds, embedded in a mainly agricultural landscape, were of similar depth (mean values varying from 0.7 to 1.3 m over the study period), but differed in surface area (1-13 ha and one pond of 23 ha). Selected limnological characteristics of the study ponds are presented in Supplementary Tab. 1. The ponds were similar in their main abiotic characteristics; however, ponds holding larger fish tended to be larger in surface area than ponds with smallsized fish, while the latter were characterised by higher water transparency (Tab. 1). Turbidity levels were generally moderate during the study period, only exceptionally exceeding 20 NTU, a threshold value over which macrophyte growth can be seriously impaired (Lougheed et al., 1998) , but increased in all types of ponds as the season progressed (Nieoczym and Kloskowski 2014) .
For more details on the study system see Kloskowski (2010) and Nieoczym and Kloskowski (2014) .
Macroinvertebrate sampling
Submerged activity traps, made of 1-L plastic cylinders with funnels 100 mm at the large end and 23 mm at the narrow end (Fig. 2) , were used to collect epibenthic and nektonic macroinvertebrates (Hyvönen and Nummi, 2000) . In each pond ten traps were deployed for 24 h at half-month intervals from the second half of April through mid-July (six sampling sessions per season). All ponds were sampled on the same dates within a given sampling event. The traps were placed horizontally on the bottom (Fig. 2) at least 10 m apart, at the interface between open water and emergent vegetation along the pond margins, in order to collect both species inhabiting open water and those associated with emergent macrophyte stands. The contents of the traps were sieved. Macroinvertebrates (i.e., invertebrates other than microcrustacean zooplankton, retained by a 1-mm sieve) were preserved in a 4% formalin solution. In the laboratory they were counted and identified -Hirudinea to at least subclass, Gastropoda to family, and Arthropoda to at least order level. Trap catches were expressed as the number of individuals per 10 traps. We acknowledge that the use of traps alone may have limited our ability to fully characterise the macroinvertebrate communities, as they are most suitable for sampling nektonic invertebrates; nonetheless they are efficient in collecting a wide range of species and are easily standardised between field workers (Murkin et al., 1983; Hyvönen and Nummi, 2000) , so the comparisons of relative abundances of individual taxa between ponds with different-sized fish should not be biased.
Environmental variables
Chemical and physical water quality parameters were examined on the sampling dates in the second half of June and in July and means of the measurements were used in Tab. 1. Summary statistics for basic habitat attributes measured at ponds with small-, medium-and large-sized fish. Data are means ± standard deviation, with range in parentheses. The variables did not differ among ponds with different-sized fish (P>0.2), with the exception of pond size and Secchi transparency (mixed-model ANOVA with the identity of the sampling year and of the pond cluster entered as random factors, F 2,28 =8.76, P=0.001 and F 2,28 =4.18, P=0.026, respectively). (Nieoczym and Kloskowski 2014 ). Since we could not exclude gradients of submerged vegetation, sampling progressed along two perpendicular 30-45 m transects per pond. Eight samples were collected in total and the above-ground biomass was calculated in g/m 2 . The samples were washed, dried until a constant weight was reached, and weighed. The most common macrophyte species are listed in Supplementary Tab. 1. Other pond variables included in the analyses were pond surface area (ha), percent cover of emergent aquatic vegetation (determined by digitising aerial photographs), pond duration and fish age in the pond as a proxy for fish size. Pond duration was expressed as one of two classes, permanent ponds storing water from at least the preceding winter and temporary ponds filled with water only in late spring, n=14 and 21 ponds, respectively.
Data analysis
As the ponds studied were spatially clustered and sampling was conducted over three years, to factor out potential spatial autocorrelation and year effects we included pond cluster and year identifiers as either nominal covariables or random terms in the analyses. Owing to the much smaller individual biomass of YOY carp, their stocks had naturally lower standing biomass than those of older and larger fish, despite numerical densities that were higher by two orders of magnitude. Consequently, total fish biomass density was not independent of individual size in our study system. In the analyses, either the two effects were entered into separate analyses (i.e., in the absence of the other variable) or biomass effect was omitted (when, based on preliminary analyses, individual fish size appeared to be a stronger predictor of macroinvertebrate community composition or diversity). Fish age (as a proxy for individual size) was treated as a categorical variable, with the exception of Canonical Correspondence Analysis (see below), where we were interested in obtaining a graphical vector of fish-size effect.
Canonical Correspondence Analysis (CCA), a multivariate, direct-gradient technique that simultaneously ordinates taxa, samples and environmental variables in low-dimensional space (ter Braak, 1986) , was applied to assess how well the environmental variables accounted for variation in the macroinvertebrate assemblage patterns. The ordination axes extracted by this technique are uncorrelated and constrained to be linear combinations of the environmental variables (ter Braak, 1986) . Taxa scores were divided by standard deviation. To account for phenological differences, e.g., emergence patterns between taxa, macroinvertebrate abundances per pond were expressed as maximum numbers of individuals captured in any one sampling event. In order to lessen the disproportionate effects of rare species, taxa and their developmental stages (depending on the type of metamorphosis) whose absolute frequency of occurrence in ponds was <10% over all sampling events and pond types throughout the three seasons were either combined or removed. CCA analyses were limited to the ten most commonly encountered groups: Gastropoda, Hirudinea, Ephemeroptera (naiads), Anisoptera (nymphs), Zygoptera (nymphs), Corixidae (nymphs and imagines), Ilyocoris cimicoides (Linnaeus, 1758) (nymphs and imagines), Notonectidae (nymphs and imagines), Coleoptera (larvae and imagines), which were assigned to two guilds: predaceous (mainly Dytiscidae) and herbivorous Coleoptera (Haliplidae, Chrysomelidae and Hydrophilidae; of the Chrysomelidae and Hydrophilidae only adults were collected). Guild assignment generally followed Wetzel (1983) ; a few Haliplidae adults trapped were allocated to herbivorous Coleoptera even though they might have been omnivorous, because of the small body size of these individuals, which limited potential predation to very small organisms. We conducted a partial CCA with pond clusters and the year of sampling specified as dummy covariables. Of the environmental variables, pond duration was entered as a nominal term. To preclude multicollinearity issues, we first performed partial CCA for paired explanatory variables which were intercorrelated at P<0.01 and eliminated the variable with the lower marginal effect. In this way, collective fish biomass and pond surface area were deleted from the ordination analyses, as they were correlated with fish size but with lesser explanatory effect. The complexity of the model was reduced by means of a forward selection procedure; the significance of the relationship of each environmental variable to the taxonomic variables was determined by the magnitude of the additional variation the variable explained (conditional effects) with α=0.1 for acceptance into the final model. The Monte Carlo procedure, based on 999 random permutations, was used to test the significance of individual variables, as well as that of the first ordination axis and of the overall ordination pattern. Intra-set correlations (between the environmental variables and the ordination axes derived from the environmental data) were examined to assess the importance of individual environmental variables (ter Braak, 1986) .
Analysis of similarities (ANOSIM, Clarke and Green, 1988) , based on Bray-Curtis distance, was used to test for differences in macroinvertebrate assemblages among ponds stocked with different-sized fish. ANOSIM is a hypothesis-testing permutation procedure that generates a probability value and a test statistic R reflecting the degree of similarity between groups. For pairwise comparisons between pond types, the sequential Bonferroni correction was applied (999 permutations for each comparison). Subsequently, we conducted SIMPER (similarity percentages) analysis to quantify the contribution of the different taxa to the dissimilarity. The taxonomic diversity of pond macroinvertebrates in relation to the environmental variables was quantified using the Shannon-Wiener index (H'). The index accounts for the total number of taxa as well as for their evenness across the sampling sites (Margalef, 1958) . We used the same taxonomic levels as in the CCA, but Gastropoda were analysed at family level, and less frequently occurring taxa (omitted from the CCA) were also included: Isopoda [Asellus aquaticus (Linnaeus, 1758)], Araneae [Argyroneta aquatica (Clerck, 1758)], Hemiptera [Nepa cinerea (Linnaeus, 1758)], Megaloptera (Sialis sp.) and Trichoptera. Generalised linear mixed models (GLMMs) using a stepwise backward procedure were performed; factors treated in the CCA as covariables were fitted as random terms. In order to examine potential differences in relative abundances of the most abundant macroinvertebrates in the presence of fish of different size, we applied repeated measures (RM-) ANOVA with the independent factor of carp age and with time as the repeated measure. For ANOVA analyses all Odonata and Coleoptera were grouped into orders. Significance was assessed using a sequential Holm correction (Holm, 1979) with α=0.05. Homogeneities of the variances were tested by Box's test. When the F-test was significant for fish age, we performed post-hoc least significant difference (LSD) tests.
Data were log (x+1) or arcsin transformed to meet the requirements of equal normality and variance, with the exception of species data in the CCA, as this method does not depend on parametric distributional assumptions (Palmer, 1993) . The CCAs were run with the program CANOCO 4.5 (ter Braak and Šmilauer, 2002) , and ANOSIM and SIMPER were calculated using PAST (Hammer et al., 2001) ver. 2.17. Other statistical analyses were performed using the GenStat 15 package (VSN International Ltd).
RESULTS
Overall, insects were the most abundant macroinvertebrates in the traps: Heteroptera (49.1-67.1% per sampling session, of these 58.1-96.7% Corixidae, dominated by Sigara falleni Fieber, 1848), Coleoptera (2.5-23.8%, of these 23.9-99.3% Dytiscidae) and Odonata (0-10.3%). The other common taxa were Hirudinea (2.7-19.6%), dominated by Erpobdellidae and Glossiphonidae, and Gastropoda (1.4-7.5%), mainly Lymnaeidae and Planorbidae.
The forward selection procedure of the CCA reduced the data set to seven environmental variables (Fig. 3) . Based on the selection, fish age (size) in the ponds (λ a =0.28, F=8.01, P<0.001), dissolved oxygen concentration (λ a =0.09, F=2.55, P=0.034) and submerged vegetation abundance (λ a =0.08, F=2.65, P=0.022) were the habitat factors best explaining distance among macroinvertebrate taxa centroids. The other environmental variables included in the model were emergent vegetation, water conductivity, pond duration and pH (all λ a >0.04, F≥1.43, P<0.09). The CCA yielded four canonical axes (the main results for the first three canonical axes are given in Tab. 2), accounting for a cumulative 37.8% of the variance in the taxa data; the first and the second CCA axis explained 18.6% and 11.3% of the variance, respectively. The eigenvalues were affected by the variation among study sites (pond clusters); inclusion of the pondcluster identifiers not as a covariable but as a nominal variable increased the percentage of total variance explained to 58.6%. Axis 1 of the CCA was a gradient of increasing fish age and dissolved oxygen concentration, and decreasing cover of emergent vegetation (Pearson r=-0.917, -0.737 and 0.449, respectively); axis 2 was largely defined by pond duration, contrasted between temporary and permanent ponds, and by submerged macrophytes abundance (r=0.538 and 0.426, respectively) (Fig. 3) , while axis 3 was most strongly related to submerged and emergent vegetation (r=0.528 and 0.405, respectively) (all P<0.05). The Monte Carlo permutation test showed the model to be significantly better than a randomly generated one (F=7.52, P=0.006 for the first canonical axis and F=3.36, P=0.001 for the total model; trace value =0.657). Fish age (size) was negatively associated with relative abundances of most macroinvertebrate taxa (Fig. 3) . Along the same gradient of the first CCA axis, N o n -c o m m e r c i a l u s e o n l y dissolved oxygen concentrations were either unrelated or negatively associated with macroinvertebrates (the only significant correlation found was with predatory Coleoptera, r=-0.382, P=0.026). Ephemeroptera and Corixidae were the only taxa positively correlated with fish size (r=0.335, P=0.049 and r=0.299, P=0.082, respectively); moreover, Corixidae was the single group showing a positive (although again only marginally significant) association with permanent ponds (r=0.304, P=0.076).
The results of ANOSIM indicated that macroinvertebrate communities varied among ponds differing with fish size (global R=0.238, P<0.001). Pairwise tests revealed significant differences between ponds with medium-sized carp and the other pond types (P<0.001 in both cases). The dissimilarity between communities in ponds with small-vs large-sized carp only approached significance (P=0.108 after Bonferroni correction). Corixidae, Hirudinea and predaceous Coleoptera contributed most to the observed dissimilarity between the groups (SIMPER analysis, 43.9, 13.8 and 11.7%, respectively). The GLMMs showed that macroinvertebrate diversity was positively related to fish size (F 2,31 =7.50, P=0.002) and emergent vegetation cover (F 1,31 =10.37, P=0.003). The mean diversity estimates were significantly greater for ponds containing small fish than ponds stocked with medium-or large-sized fish (post-hoc Fig. 3 . Biplots of the first and second CCA axes based on relative abundances of pond macroinvertebrates. Environmental variables which passed the forward selection (P set at 0.1) are depicted by arrows (square centroids for pond duration as the only qualitative variable).
Tab. 2.
Summary of canonical correspondence analysis results, relating relative abundances of macroinvertebrates to environmental variables. Values for three canonical axes are shown. The inertia (a measure of the total amount of variance in the species composition) in the species data set was 1.776. (Fig. 4) ; for Hirudinea the effect was only marginally significant after Holm's correction (Tab. 3). LSD follow-up comparisons showed that mean relative abundances were overall higher in ponds containing small-sized carp than in ponds with larger-size fish, while ponds stocked with the two largersize classes did not differ significantly. Large-bodied (body length >1 cm) Coleoptera occurred only exceptionally in ponds with larger carp (altogether five individuals were recorded on three occasions) and their relative abundances were 29-fold lower relative to ponds with YOY carp. The only exception among the major groups was Corixidae, which were more abundant in ponds with large-sized fish than in ponds with medium-sized fish; their relative abundances in ponds with small-sized fish were intermediate, not significantly different from values for small and medium carp (Fig. 4d) . We did not observe any significant relationship between fish standing biomass and macroinvertebrate relative abundances. Time effect and interaction fish size*time was significant for all taxa tested except for Coleoptera (Tab. 3). Note that this was not an artefact of combining developmental stages or various families, because models including only adult Coleoptera or only adult Dytiscidae produced results of similar significance (time, both F 5,160 ≤1.67, P≥0.182; fish size*time, both F 10,160 ≤1.00, P≥0.425). With the exception of Corixidae, which showed a significant increase in numbers in ponds with large-sized fish in the second half of June and in July (Fig. 4d) , macroinvertebrate relative abundances in the presence of larger carp were consistently low throughout the study period and did not reveal any seasonal variation. In ponds with small-sized fish, traps yielded increasing Gastropoda numbers from the second half of May, while Hirudinea and Odonata showed an abundance peak in the second half of June (LSD tests).
Variables

DISCUSSION
Fish size proved to be the best correlating parameter for predictions of macroinvertebrate distribution among Tab. 3. Repeated measures ANOVA (with time as the repeated measure) for the effects of fish individual size and standing biomass on the relative abundances of numerically dominant macroinvertebrates. Separate models were run for these effects because of multicollinearity issues. For the models with biomass density as the treatment factor only main treatment effects are reported. For Odonata, data from April to the first half of May were omitted from the analyses because of their absence in traps during this period. Data for three study years (2005) (2006) (2007) were combined. Displayed are the degrees of freedom and F-and P-values. Significant probabilities after correction using Holm's (1979) ponds. The comparative scarcity of macroinvertebrates, especially predatory ones (Wellborn et al., 1996; Wood et al., 2001; Dorn, 2008) , in ponds stocked with larger-sized carp than in those containing small-sized carp likely results from its stronger trophic influence. Larger-sized carp are more effective in capturing macroinvertebrate (or even vertebrate) prey and have fewer handling limitations (Sibbing, 1988; Hasan and MacIntosh, 1992; Kloskowski, 2011a) . Nonetheless, large-bodied predatory insects cannot be regularly taken even by large-sized carp, because they exceed fish gape limit or are capable of evading its attacks (Sibbing, 1988) . They are, however, more likely to be outcompeted (Zimmer et al., 2000) by larger than small-sized fish, as the competitive effect of fish, i.e., the degree to which an individual is able to deplete resources, is intrinsically linked to individual body size (Werner and Gilliam, 1984) . Large-bodied insects can be suppressed through carp depredation of eggs and larval forms that (Guziur, 1976; Crivelli, 1981) . Consequently, low abundances of flying insects in ponds with larger carp can be additionally accounted for by non-consumptive effects, e.g., avoidance of potential oviposition sites occupied by an effective predator. If fish become more efficient predators/competitors with growth, greater non-consumptive effects can be expected as well (Helfman, 1989) . By contrast, small-sized carp were obviously not capable of exerting as much predatory pressure on macroinvertebrates as larger fish; in fact the reverse was true, as large-bodied predatory macroinvertebrates could prey upon early stages of fish and exploit trophic resources unavailable to small carp. In our analyses, pooling taxa into broad taxonomic or functional groups is likely to mask some significant relationships, since individual Odonata or Coleoptera species have been reported to differentially respond to fish presence (Bendell and McNicol, 1995; Fairchild et al., 2000; Carchini et al., 2003; Johansson and Brodin, 2003) ; however, both Odonata and Coleoptera were very infrequent in ponds with larger fish. Owing to the highly contrasting densities of predaceous macroinvertebrates in the presence of small-vs larger-sized fish, their potential macroinvertebrate prey, when colonising the ponds, traded off the threat of predation by larger-sized carp against that of predation by predaceous insects. For example, Lymnaeidae and Planorbidae snails, which are typically micro-herbivorous or -omnivorous grazers, were likely to find suitable abiotic habitat conditions in all pond types; environmental calcium concentrations were not a limiting factor (Dillon, 2000) because the ponds had generally high pH values. Although Gastropoda are preyed upon by some leeches and insects (Young and Ironmonger, 1980; Dillon, 2000) , they were more abundant in ponds with small carp, where predaceous macroinvertebrates were relatively dense, which suggests that the impact of larger-sized carp on Gastropoda (Stein et al., 1975; Guziur, 1976; Richardson et al., 1990) was more powerful than the combined effect of both small fish and predaceous macroinvertebrates. In general, our results are consistent with the prediction that the adverse effects of carp on aquatic macroinvertebrates are size-related. Therefore, the taxa which attained the highest relative abundances in the presence of large-sized fish, i.e. Ephemeroptera and Corixidae, merit particular attention. Owing to their relatively small body size, Ephemeroptera larvae can even constitute a greater proportion of the diet for small-sized carp than for larger fish (Kloskowski, 2011b) . Moreover, Ephemeroptera, a common prey of predatory insects, can benefit indirectly from suppression of the latter by largerbodied fish (Batzer et al., 2000) . It should be noted, however, that activity traps may be not the optimal technique to sample Ephemeroptera (Hyvönen and Nummi, 2000) . Indeed, a snapshot sampling of water-column macroinvertebrates using a dip net had previously indicated that Ephemeroptera could be more abundant in ponds stocked with small fish (Kloskowski, 2011b) . Corixidae were the other group apparently less susceptible to depletion by large fish than other macroinvertebrates (Zimmer et al., 2000) . Their scent gland secretions, as in some other Heteroptera, are occasionally said to deter predators (Weatherston and Percy, 1978) . However, chemical defences seem only partially effective in Corixidae (Kovac and Maschwitz, 1991) , as they are reported to contribute to the diet of numerous predators (reviewed by Papáček, 2001 ), though they rarely make up a large percentage of carp food (Guziur, 1976; Adámek et al., 2003; Kloskowski, 2011b ; but see Britton et al., 2007) . Owing to their fast and erratic movements (Kovac and Maschwitz, 1991) Corixidae could be a too elusive prey for carp. On the other hand, Corixidae were least abundant in the presence of medium-sized fish, which are more gape-limited when feeding on invertebrates than large carp. The distribution patterns of Corixidae contributed most to the overall dissimilarity between macroinvertebrate assemblages along the gradient of increasing fish size; the assemblages were more similar between ponds with small and large-sized fish than between ponds holding successive age (size) cohorts. The differences are probably attributable to the pronounced ontogenetic changes in the foraging behaviour of carp; medium-sized fish are more gape-limited, but can be more active in the water column than large carp (see also García-Berthou, 2001 ). Thus, with fish growth, predatory pressure on macroinvertebrates may generally increase, but varies from taxon to taxon.
While trophic and related behavioural effects of fish are general findings in aquatic ecosystems (Kloskowski, 2011a) , fish-driven transition to a turbid state, involving changes in physico-chemical characteristics and enhancement of phytoplankton production, may be responsible for a decline in habitat conditions for many invertebrates (Parkos et al., 2003; Matsuzaki et al., 2009) . Under turbid water conditions, submerged vegetation, which provides structural refugia, foraging resources and/or oviposition microhabitats (Crowder and Cooper, 1982; Nelson and Bonsdorff, 1990; Diehl and Kornijów, 1998; Bazzanti et al., 2009) , disappears (Scheffer, 1989; Miller and Crowl, 2006) . Parkos et al. (2003) and Miller and Crowl (2006) attributed the lowered densities of some macroinvertebrates in the presence of carp in their experiments to decreased macrophytes abundance and changes in composition due to carp feeding activities. The impact on submerged macrophytes can be size-specific as well, because larger carp are capable of stronger physical disturbance and resuspension of sediments (Driver et al., 2005; Matsuzaki et al., 2009 ). We did not find any significant relationship between carp size and the abundance of sub-N o n -c o m m e r c i a l u s e o n l y merged vegetation in the study ponds, but pond colonisation by macrophytes tolerant of turbid conditions, such as Myriophyllum spicatum Linnaeus, 1753, might have contributed to this pattern (Nieoczym and Kloskowski, 2014 ; see also Lougheed et al., 1998; Chumchal et al., 2005; Britton et al., 2007) . Nonetheless, the amount of submerged vegetation significantly explained differences among macroinvertebrate assemblages in our study system. However, other parameters indicative of transition to a turbid state, namely water transparency and dissolved oxygen, which are considered negative indicators of turbidity (Scheffer, 1989; Stewart and Downing, 2008) , were either not related to macroinvertebrate abundance patterns or even negatively associated with some taxa. With regard to dissolved oxygen, air-breathing insects tolerant of anoxia were more numerous in ponds than gill-breathing organisms, such as Ephemeroptera larvae, which were potentially limited by dissolved oxygen availability (Chapman et al., 2004) . For those invertebrates that depend on dissolved oxygen, oxygen conditions could be, up to a certain level of oxygen depletion, of secondary importance (Chapman et al., 2004) compared to carp trophic impact. Most macroinvertebrates were associated with extensive cover of emergent vegetation which apparently provided shelter from fish predation (Diehl and Kornijów, 1998) . However, emergent macrophytes transfer oxygen to the atmosphere (Sculthorpe, 1967) and shade submerged macrophytes and algae; indeed, dissolved oxygen and emergent vegetation cover defined the opposite gradients of the first CCA axis in our study. Although ponds with larger-sized fish were subject to more intense bioturbation, as indicated by water transparency patterns, they were not more oxygen-poor than those containing smallsized fish (Driver et al., 2005) . This might be attributable to the greater average surface area of ponds stocked with larger fish. As the solubility of oxygen varies inversely with water temperature (Wetzel, 1983) and water in smaller ponds warms up faster, small ponds are more prone to anoxic conditions in summer (Williams, 1987) .
Except Corixidae, no taxa were associated with pond duration. However, pond period, which defined the second CCA axis, was of lesser importance for macroinvertebrate composition than fish size. The variation in hydroperiod was presumably insufficient to induce shifts in macroinvertebrate communities because all the ponds studied were artificially filled and drained every year or every other year, so water permanence was not associated with the differences in limnological characteristics typical of natural ponds (Bazzanti et al., 2009) . Moreover, most species colonizing ponds are likely to be adapted to unpredictable environmental changes (Batzer et al., 2004) . Although carp impacts have been reported to be densitydependent (but not necessarily linearly related; Lougheed et al., 1998; Parkos et al., 2003; Chumchal et al., 2005; Matsuzaki et al., 2009) , we failed to find compelling relationships between total carp biomass and macroinvertebrates. Since the effects of fish size and total biomass were correlated due to distinctly lower standing biomass of YOY stocks, it was difficult to separate their relative magnitudes, and the density effect was presumably to some degree overshadowed by the more powerful influence of individual size (García-Berthou, 2001; Driver et al., 2005) . However, ponds with medium-and large-sized carp supported on average similar densities of carp, while significant differences between macroinvertebrate communities were observed. As the ponds with YOY carp remained fishless until mid-May and the size of individual fry was very small at stocking, one may argue that these ponds functioned more like fishless systems (Corti et al., 1997; Paszkowski and Tonn, 2000; Dorn, 2008) during the first weeks after stocking. Nonetheless, some macroinvertebrates reached their highest abundances in these ponds in June-July, when the YOY fish attained considerable standing biomass.
Emergent vegetation cover proved to be important in explaining the patterns of macroinvertebrate diversity (Wood et al., 2001) . As the extent of emergent vegetation is apparently largely independent of carp presence and size distribution, enhancement of emergent vegetation might be an appropriate management strategy for maintaining biodiversity in aquatic systems dominated by carp.
CONCLUSIONS
Our results contribute to the growing body of evidence that size dependencies can drive the outcomes of both direct and indirect interactions in aquatic food-webs (Morin, 1984; Werner and Gilliam, 1984) . In our study most macroinvertebrates, especially the predatory ones, responded to a gradient of fish size. Although individual prey species exploited by fish can simultaneously be positively affected by release from predation or competition by other invertebrates (Diehl, 1992; Batzer et al., 2000) , few taxa proved to be capable of persisting in presence of larger-sized carp. Our results suggest that size structure of fish populations may be of no less importance than a fish presence-absence dichotomy. Despite the bad reputation of fish with respect to biodiversity conservation management, ponds which harbour fish, but only smallsized fish may support high macroinvertebrate diversity (Corti et al., 1997; Paszkowski and Tonn, 2000; Carchini et al., 2003) . Our findings also provide an argument against fish stocking in ponds or lakes which do not naturally support fish or support only small fish. For commercial reasons the species introduced are usually potentially large-bodied, and thus have the capacity to exert a more acute impact. Even if unstable environmental conditions (e.g., protracted periods of hypoxia typical for shallow waters; Penttinen and Holopainen, 1992;  N o n -c o m m e r c i a l u s e o n l y Paszkowski and Tonn, 2000) will not allow the fish to grow to a commercially attractive size, they may achieve sufficient size to disrupt local communities. On the other hand, some unwanted species, such as carp, may reproduce successfully despite environmental instability, or even benefit from it (Bajer and Sorensen, 2010) . Future research should address interactions coupling distribution of body size in macroinvertebrate communities with size structure of fish populations (Diehl, 1992; Corti et al., 1997; García-Berthou, 2001 ) and examine them in contexts of coexistence of more than one fish species (Nowlin and Drenner, 2000) .
Causal links to mechanisms of invertebrate diversity loss caused by omnivorous fish, which affect multiple ecosystem properties in a number of ways, are inevitably complex (Miller and Crowl, 2006; Stewart and Downing, 2008; Wahl et al., 2011) . Prominent habitat features, such as submerged vegetation, which dampen fish trophic topdown impact (Nelson and Bonsdorff, 1990; Diehl, 1992; Diehl and Kornijów, 1998; Paukert and Willis, 2003) are likely to simultaneously be altered to varying degrees by fish through non-consumptive mechanisms (Matsuzaki et al., 2009) . Changes in macroinvertebrate communities can substantially influence both top-down and bottom-up pathways in lake or pond ecosystems (Miller and Crowl, 2006; Wahl et al., 2011) . Distinct size-structure of fish, a common feature of real populations, adds to this complex picture an essential dimension to understand the web of interactions and relationships organising aquatic communities containing fish. 
